Galaxy formation is believed to proceed in a 'bottom up' manner, starting with the formation of small clumps of gas and stars that then merge hierarchically into giant systems 1,2 . The baryonic gas loses thermal energy by radiative cooling and falls towards the centres of the new galaxies, while supernovae blow gas out 3, 4 . Any realistic model therefore requires a proper treatment of these processes, but hitherto this has been far from satisfactory 5 . Here we report a simulation that follows evolution from the earliest stages of galaxy formation through the period of dynamical relaxation, at which point the resulting galaxy is in its final form. The bubble structures of gas revealed in our simulation (for times of less than 3 3 10 8 years) resemble closely high-redshift Lyman-a emitters 6,7 . After 10 9 years, these bodies are dominated by stellar continuum radiation and then resemble the Lyman break galaxies 8, 9 , which are high-redshift star-forming galaxies. At this point, the abundance of elements heavier than helium ('metallicity') appears to be solar. After 1.3 3 10 10 years, these galaxies resemble present-day ellipticals.
The evolution of galaxies from primeval irregulars to present-day ellipticals
Galaxy formation is believed to proceed in a 'bottom up' manner, starting with the formation of small clumps of gas and stars that then merge hierarchically into giant systems 1, 2 . The baryonic gas loses thermal energy by radiative cooling and falls towards the centres of the new galaxies, while supernovae blow gas out 3, 4 . Any realistic model therefore requires a proper treatment of these processes, but hitherto this has been far from satisfactory 5 . Here we report a simulation that follows evolution from the earliest stages of galaxy formation through the period of dynamical relaxation, at which point the resulting galaxy is in its final form. The bubble structures of gas revealed in our simulation (for times of less than 3 3 10 8 years) resemble closely high-redshift Lyman-a emitters 6, 7 . After 10 9 years, these bodies are dominated by stellar continuum radiation and then resemble the Lyman break galaxies 8, 9 , which are high-redshift star-forming galaxies. At this point, the abundance of elements heavier than helium ('metallicity') appears to be solar. After 1.3 3 10 10 years, these galaxies resemble present-day ellipticals.
To explore the early evolution of galaxies, the coupling of the dynamics and the chemical evolution through star formation and supernova feedback needs to be treated properly 10, 11 . In particular, it is crucial to resolve accurately the thermalization of the kinetic energy released by multiple supernovae. We present an ultra-highresolution (1,024 3 fixed cartesian grids) hydrodynamic simulation coupled with collisionless dynamics for dark matter particles and star particles, which is solved by an N-body method. The simulation pursues the early evolution (,2 £ 10 9 yr) of a proto-galaxy as an assemblage of subgalactic condensations with a mass of 5.0 £ 10 9 M ( (where M ( is the solar mass) building up a total mass of 10 11 M ( . The details of the numerical procedures are described in the Supplementary Information. Figure 1 shows the results for the time sequence of star formation, gas dynamics and chemical enrichment. In the first 10 8 yr, stars form in high-density peaks within subgalactic condensations and the burst of star formation starts. Then, massive stars in the star forming regions explode as supernovae one after another. The gas in the vicinity of supernovae is quickly enriched with ejected metals, but a large amount of gas still retains low metal abundance. Consequently, the metallicity distribution becomes highly inhomogeneous on kiloparsec scales, where gas enriched as 25 # [O/H] # 21 coexists with virtually primordial gas (the oxygen abundance, [O/H], is defined in Fig. 1 legend) . As the density of the interstellar medium is lower in the outer regions of subgalactic condensations, the expansion of hot bubbles is accelerated there. At 3 £ 10 8 yr, supernova-driven shocks collide with each other to generate super-bubbles of ,50 kpc and the surrounding high-density, cooled (10 4 K) shells. The dense shells undergo hydrodynamic instabilities induced by radiative cooling, eventually fragmenting into cold filaments and blobs. New stars are born in the enriched gas and subsequent supernovae again eject heavy elements. The hot bubbles expand further by continual supernovae, and the shells sweep up the partially enriched ambient gas. The gas density in dense shells increases owing to the efficient radiative cooling, mainly through collisional excitation of neutral hydrogen. After 5 £ 10 8 yr, the hot bubbles blow out into the intergalactic space. The rightmost panels of Fig. 1 show the structure at 10 9 yr. By this stage, the interstellar medium is recycled repeatedly. Eventually, some amounts of cool, dense filaments are left at the centre. But most of volume is filled with rarefied gas (,10 24 cm 23 ) that has intermediate temperature (10 4.5 # T (K) # 10 6.5 ). At this epoch, the mixing of heavy elements is nearly completed.
Newly born stars trace the mixing history of the heavy elements well, because they inherit the metal abundance of gas. In Fig. 2 , the star formation epoch is shown as a function of the oxygen abundance of newly formed stars. It is clearly seen that, before 10 8 yr, there is considerable variance in the oxygen abundance
, reflecting a very inhomogeneous distribution of enriched gas. After 10 8 yr, the merger of subgalactic condensations promotes the mixing of heavy elements. Finally, the almost complete recycling of interstellar matter erases the inhomogeneities of metal abundance. As a result, the oxygen abundance of stars converges to 20.3 # [O/H] # 0.2 with small dispersion. It is worth noting that the metal abundance is already at the level of solar abundance at 10 9 yr.
In Fig. 3 , the spectral energy distribution (SED), the surface brightness distributions, and the star formation history are shown. The star formation rate increases at 5 £ 10 7 yr, and reaches a peak of about 40M ( yr 21 around 1.5 £ 10 8 yr. The burst of star formation continues until 3 £ 10 8 yr. Then, the star formation activity gradually diminishes down to a few M ( yr 21 after 10 9 yr because supernovadriven winds have removed any remaining cold gas from the subgalactic fragments. As seen in the SED, at the earliest stages of less than 3 £ 10 8 yr, the Lyman a (Lya) emission is conspicuous (it comes from high-density cooling shells) and its luminosity is more than 10 43 erg s 21 . The Lya luminosity perfectly matches that observed in Lya emitters 12, 13 (LAEs). This result suggests that LAEs could correspond to an early supernova-dominated phase before 3 £ 10 8 yr. Among theoretical models for LAEs 7, 14, 15 , the present multiple supernova model is distinctive in having bubbly structure. In Fig. 4 , the narrow-band image of extended LAE observed in ref. 12 is compared to the distribution of the Lya emission of the simulated galaxy at 2 £ 10 8 yr. We find that the physical extent of ,100 kpc and the bubbly structure produced by multiple supernovae are quite similar to the observed features in the Lya surface brightness distribution of this LAE.
After 3 £ 10 8 yr, the Lya luminosity quickly declines to several times 10 41 erg s 21 , as the emission from cooling gas decreases immediately owing to the leak of explosion energy through the blowouts of super-bubbles. Then, the SED becomes dominated by stellar continuum emission. The galaxy in this phase features diffuse, asymmetric structures, and outflows of 100-500 km s 21 . The total mass of long-lived stars is 9.3 £ 10 9 M ( , and a mass of 1.5 £ 10 9 M ( is involved in the outflows at redshift z ¼ 3. These features look quite similar to those observed for Lyman break galaxies 16, 17 (LBGs). The low-ionization interstellar absorption lines observed in LBGs are blueshifted by hundreds of km s 21 relative to systemic velocities and Lya lines are redshifted to the same degree. Furthermore, the strong metal absorption lines observed in the spectra of LBGs indicate that their star formation events must have been preceded by an earlier starburst. The excess of absorption-line systems with large C IV column density in spectra of background quasars near LBGs is interpreted as further evidence for chemical enrichment of the intergalactic medium due to the supernova-driven outflows. Recently, the X-ray luminosity 18,19 at 2.0-8.0 keV for LBGs has been found to be ,10 41 erg s 21 . In the present simulation, the X-ray luminosity at the same energy range changes from 10 42 erg s 21 at 3 £ 10 8 yr to ,10 41 erg s 21 around 10 9 yr. The LBG metallicity appears to be the solar value for massive systems 20 . In the light of such properties, the simulated post-starburst galaxy with an age of 10 9 yr can correspond to LBGs. Thus, it is implied that LBGs are the next phase of LAEs.
The long-term dynamical evolution of the model galaxy was studied with an N-body simulation containing one million particles. We found that the assembly of subcondensations and the virialization of the total system are almost completed in 3 £ 10 9 yr, so that the system achieves a quasi-equilibrium state. The resultant stellar system forms a virialized, spheroidal system. Figure 3b shows the projected surface brightness distributions in the U, B, V and K bands at 1.3 £ 10 10 yr (z ¼ 0) assuming passive evolution (no further star The density profiles in subgalactic dark haloes are given by the Navarro-Frenk-White profile 27 and these condensations are distributed randomly within the galaxy-scale overdensity. Radiative cooling for the gaseous component is calculated using the cooling function for an optically thin, collisionally ionized gas 28 . Stars are assumed to form in gravitationally unstable cooled regions with Salpeter's initial mass function 29 , at a rate that is inversely proportional to the local free-fall time 10, 22 . Stars more massive than 8M ( explode as type II supernovae with an explosion energy of 10 51 erg, and eject synthesized heavy elements. The evolution is shown by the spatial distributions of the stellar density (n s ; top row), the gas density (n g ; middle row) and the oxygen abundance ([O/ The emission properties of the gas components are calculated for an optically thin, collisionally ionized gas using the MAPPINGIII code 28 (red lines), and those of the stellar components are calculated using the evolutionary stellar population synthesis code PÉ GASE 30 (blue lines). In practice, to obtain the SED, we sum up the SED of each grid point for the gas components and each star particle for the stellar components. Here L l is the luminosity per unit formation). They have a large central concentration that accords well with de Vaucouleurs' r 1/4 profile 21 , which is commonly found in nearby elliptical galaxies 11, 22 . The resultant absolute magnitudes in the blue band (B) and the visual band (V) are M B ¼ 217.2 mag and M V ¼ 218.0 mag, respectively. The colours U 2 V ¼ 1.15 and V 2 K ¼ 2.85 are consistent with the colour-magnitude relation of elliptical galaxies in the Coma cluster of galaxies 23 . Furthermore, the combination of the surface brightness, the effective radius r e ¼ 3.97 kpc, and the central velocity dispersion j 0 ¼ 133 km s 21 is on the fundamental plane of elliptical galaxies within their scatters. (The fundamental plane is the relationship among these three parameters derived for nearby elliptical galaxies 24, 25 .) Thus, it is suggested that LBGs evolve into elliptical galaxies through purely collisionless dynamical evolution.
